Many flaviviruses are significant human pathogens, with the humoral immune response playing an essential role in restricting infection and disease. CR4354, a human monoclonal antibody isolated from a patient, neutralizes West Nile virus (WNV) infection at a postattachment stage in the viral life-cycle. Here, we determined the structure of WNV complexed with Fab fragments of CR4354 using cryoelectron microscopy. The outer glycoprotein shell of a mature WNV particle is formed by 30 rafts of three homodimers of the viral surface protein E. CR4354 binds to a discontinuous epitope formed by protein segments from two neighboring E molecules, but does not cause any detectable structural disturbance on the viral surface. The epitope occurs at two independent positions within an icosahedral asymmetric unit, resulting in 120 binding sites on the viral surface. The cross-linking of the six E monomers within one raft by four CR4354 Fab fragments suggests that the antibody neutralizes WNV by blocking the pH-induced rearrangement of the E protein required for virus fusion with the endosomal membrane.
Many flaviviruses are significant human pathogens, with the humoral immune response playing an essential role in restricting infection and disease. CR4354, a human monoclonal antibody isolated from a patient, neutralizes West Nile virus (WNV) infection at a postattachment stage in the viral life-cycle. Here, we determined the structure of WNV complexed with Fab fragments of CR4354 using cryoelectron microscopy. The outer glycoprotein shell of a mature WNV particle is formed by 30 rafts of three homodimers of the viral surface protein E. CR4354 binds to a discontinuous epitope formed by protein segments from two neighboring E molecules, but does not cause any detectable structural disturbance on the viral surface. The epitope occurs at two independent positions within an icosahedral asymmetric unit, resulting in 120 binding sites on the viral surface. The cross-linking of the six E monomers within one raft by four CR4354 Fab fragments suggests that the antibody neutralizes WNV by blocking the pH-induced rearrangement of the E protein required for virus fusion with the endosomal membrane.
antibody | cryoelectron microscopy | flavivirus W est Nile virus (WNV) is a human pathogen that causes a febrile illness, which can progress to encephalitis, paralysis, and death. The virus is endemic in parts of Africa, Asia, and Europe, and in the past decade has spread throughout North America and into Central and South America (1) . WNV is closely related to other arthropod-transmitted, medically relevant flaviviruses, such as dengue, yellow fever, Japanese encephalitis, and tick-borne encephalitis viruses. These lipid-enveloped viruses enter host cells by receptor-mediated endocytosis. The singlestranded, positive-sense RNA genome is released into the cytoplasm after low pH induces the fusion of the viral lipid envelope with the endosomal membrane.
Mature WNV virions are roughly spherical with a diameter of about 500 Å. The outer viral surface is composed of an icosahedral scaffold of 180 closely packed copies of the membrane-anchored envelope (E) glycoprotein. Sets of three, nearly parallel E homodimers are associated into rafts that form a herringbone pattern on the surface of mature virions. The ectodomain of E has three structural domains, DI, DII, and DIII (2) (3) (4) (5) , with domain DI positioned structurally between DII and DIII. DII contains a fusion loop at its distal end that is indispensable for virus-cell membrane fusion. The Ig-like C-terminal domain DIII undergoes a major, pH-triggered positional rearrangement essential for fusion, and may also be involved in receptor binding (2, (6) (7) (8) (9) (10) (11) (12) . During cell entry of flaviviruses, low endosomal pH triggers a proposed E protein rearrangement cascade, including the dissociation of E dimers and the outward rotation of DII during the repositioning of E monomers into fusion-active trimers (6, 9, 13) .
The humoral immune response is essential for protection against flavivirus infection and disease (14, 15) . The E glycoprotein is the principal antigen that elicits neutralizing antibodies against flaviviruses (16) . By binding to the viral surface protein, antibodies can interfere with receptor attachment, virus internalization, or membrane fusion. Although the most potent inhibitory mouse antibodies against WNV bind to DIII of E (17) (18) (19) , these appear to play a less dominant role in the human immune response against WNV infection (20) . CR4354 is a strongly neutralizing human monoclonal antibody (MAb) against WNV that was isolated from a patient infected with WNV and inhibits infection subsequent to cell attachment (21) . This antibody blocks virus fusion with liposomes in vitro and recognizes virus particles, but not the recombinant E ectodomain, suggesting that its epitope requires an oligomeric E arrangement present only in virions or subviral particles (SVP). Analysis of neutralization escape mutants identified residue Lys136 close to the flexible DI-DII hinge interface as part of the CR4354 epitope and showed that this amino acid is critical for antibody binding.
Here, we report the 3D cryoelectron microscopy (cryoEM) image reconstruction of WNV in complex with Fab fragments of the neutralizing antibody CR4354. The fitting of the atomic coordinates of the E glycoprotein and CR4354 Fab into the density showed that the discontinuous CR4354 epitope is formed by protein segments from two neighboring E monomers. Lys136 was confirmed as part of the epitope. The cross-linking of neighboring E monomers within a raft by the Fab fragments suggests that CR4354 neutralizes WNV infection by locking the virion in a conformation typical for mature virions, thereby prohibiting the rearrangement of E molecules into a fusion-active state necessary for infection of the host cell.
Results
CryoEM Structure of the WNV-CR4354 Fab Complex. Previous functional studies have shown that the neutralizing human MAb CR4354 does not bind to recombinant E glycoprotein, presumably because of its dependence on an oligomeric epitope. As the structural identification of the epitope would not be possible by cocrystallization of isolated E and MAb CR4354, a cryoEM study on WNV virions complexed with CR4354 Fab fragments was performed ( Fig. 1) . Fab fragments were used for the formation of the complex instead of whole antibodies to prevent aggregation and to avoid introduction of asymmetry incompatible with the icosahedral symmetry averaging imposed during structure determination. CR4354 IgG and Fab fragments neutralize WNV infection efficiently (Fig. S1 ), establishing that antibody bivalency is not required for neutralization. Hence, the use of Fabs should be sufficient for evaluating the mechanism of neutralization.
The 3D cryoEM density map of the WNV-CR4354 Fab complex had an estimated resolution of 13.7 Å (Fig. 1) . The glycoprotein shell and the two membrane leaflets were clearly resolved, demonstrating the quality of the map. Within the limits of the resolution, the fitting of the X-ray coordinates of the WNV E protein into the cryoEM density did not indicate any changes in the arrangement of E with respect to uncomplexed mature WNV, in which the viral surface is formed by rafts of three almost parallel E homodimers (Fig. 2) . Thus, CR4354 Fab binding does not induce disturbance in the outer E protein shell, as was observed for the interaction of dengue virus with Fab fragments of 1A1D-2, a neutralizing mouse MAb that binds an epitope in DIII of the E protein (22) .
CR4354 Fab binds to two independent positions (assigned labels: X1 close to threefold symmetry axis and X2 close to fivefold axis) within an icosahedral asymmetric unit (ASU), each of which is repeated 60 times on the viral surface by means of icosahedral symmetry, resulting in a total of 120 binding sites ( Figs. 1 and 2 ). The density related to the variable domains of the Fab fragments was almost as strong as the density of the glycoprotein shell, indicating ∼90% occupancy of the 120 binding sites (87% for X1, 93% for X2). The density related to the constant regions of Fab CR4354 is only about 0.7-fold as strong as the variable region, suggesting flexibility of the elbow angle between variable and constant domains, as often observed with antibody structures (23) (24) (25) (26) (27) .
Oligomeric Epitope of MAb CR4354. To aid in the analysis of the WNV-CR4354 contact interface, CR4354 Fab was crystallized and its structure was solved to 1.4 Å resolution (Tables S1 and S2 and Fig. S2 ). The atomic coordinates of the E glycoprotein and of CR4354 Fab were then fitted into the cryoEM density to explore the WNV-MAb CR4354 contact on a molecular level ( Fig. 2 and Table S3 ).
The atomic interaction (Van der Waals contacts, putative hydrogen bonds) between the fitted E molecules and the Fab at sites X1 and X2 were analyzed independently (Fig. 3, Fig. S3 , Tables 1  and 2, and Table S4 ). The spatial arrangement of the E molecules at sites X1 and X2 is similar, but not identical. Extraction of consensus features between these two sites minimizes the uncertainties arising from possible induced changes in the Fab-antigen interface and from the experimental error due to limits of resolution. The elbow angles of the two CR4354 Fab molecules differed only slightly, being 167.5°for X1 and 163.3°for X2. However, the deviation of about 35°from the angle in the crystal structure illustrates the high elbow flexibility, consistent also with the lower cryoEM density height of the constant domains (see above). Presumably, the similar elbow angles in the Fab molecules bound to the independent binding sites in the cryoEM structure represent the lowest energy conformation, whereas the X-ray structure may have a slightly higher energy to achieve better crystal packing.
CR4354 binds to a discontinuous epitope formed by protein segments from two neighboring E molecules ( Fig. 3 and Tables 1  and 2 ). The 18 consensus residues of the CR4354 epitope include A47, A49, A51-52, A133-138, A167-168, B310-312, B328, B368, and B370, where A and B indicate the origin of the residue in respect to the two E molecules forming the epitope for site X1 (for nomenclature, see Fig. 2 ). Lys136, identified previously by neutralization escape mutant analysis (21) , was verified as a central part of the CR4354 epitope. Hydrophobic interactions account for much of the binding energy (Table 1 and Table S4 ). The contact surface at site X2 is somewhat larger than at X1, corresponding with the slightly higher occupancy for this site. The epitope is formed from residues originating from all three domains of E ( Fig. 3 and Table 2 ). Most of the contact area is supplied by residues in DI and along the DI-II interface of one E molecule (∼63% of the water-accessible area of the total epitope occluded by Fab binding; Table 1 and Fig. 3 ). Additional contacts are contributed by amino acids in DIII of the second E molecule. Little to no conservation of the identified epitope residues was observed among other flaviviruses (Fig. S4) , consistent with the strict type-specificity of CR4354 for WNV (21) .
Discussion
Specificity of CR4354 for Viral Particles. CR4354 binds to a discontinuous epitope formed by protein segments from two neighboring E molecules in an oligomeric arrangement specific to the mature virus surface (Figs. 2 and 3 ). This is consistent with the inability of CR4354 to bind to recombinant, soluble E ectodomain or recognize virus particles at low pH, which have undergone a conformational change (21) . Although the epitope spreads over two molecules, weak binding of a single E molecule by CR4354 should be considered, at the least for the largest contact region on a single E molecule (DI and DI-II interface). Because of a difference in the DI-DII hinge angle, residues within the DI-II interface of the X-ray structure of the E ectodomain are displaced relative to the corresponding epitope on the mature virus. The combination of reduced contact area and altered geometry of the E molecule would make CR4354 interaction with the E monomer as seen in the X-ray structure (4, 5) unlikely. The E monomer conformation in immature WNV is virtually identical to recombinant, soluble E protein (28) , and thus it is improbable that CR4354 can bind to completely immature virus, which has been demonstrated to be noninfectious (29) . However, although CR4354 may not bind the static cryoEM image of the immature virion, it remains possible (and perhaps even likely) that it recognizes conformational subsets of immature virions that occur during particle "breathing" (22) .
Previous functional studies had shown that CR4354 can recognize SVPs (21) . These particles are formed by coexpression of E and premembrane (prM) transmembrane proteins. The surface of SVPs of tick-borne encephalitis virus (30) consists of 30 E dimers in a T = 1 icosahedral lattice, an arrangement that does not form the CR4354 epitope. However, the recognition of the partial epitope is spatially conceivable. Furthermore, this SVP structure is representative of only a subset of the heterogeneous SVP population. Because CR4354 binds SVPs, it is likely that there exists a SVP subpopulation with an E arrangement similar to mature virions, providing the complete CR4354 epitope.
A strict dependence of the binding of CR4354 on an oligomeric antigen arrangement present only in virus particles suggests that standard antigenic or diagnostic screens using recombinant E protein might fail to detect a significant fraction of the antibody repertoire. It remains to be determined if antibodies with such specificity are an important class in the protective humoral immune response against virus infections of humans or animals.
Neutralization Mechanism of CR4354. The bound CR4354 Fab fragments cross-link the six E monomers within one raft (Fig. 4) , suggesting that Fab binding locks the raft organization of E in mature virions and completely blocks any pH-induced rearrangement of E before fusion with the endosomal membrane. Indeed, no structural change in the CR4354 Fab bound virion was detected when the pH environment of the complex was changed in vitro to mimic endosomal acidification, in contrast to WNV in complex with E16 Fab at low pH (31) . Therefore, CR4354 most likely prohibits the dissociation of the E glycoprotein rafts before forming the fusogenic state, essentially working as a cross-linking agent of the mature virus conformation. In addition, the flexibility of the hinge angle between DI and DII, which rotates more than 30°during low pH-induced changes (32), may also be affected by CR4354 binding, thereby inhibiting the intramolecular movements required for the transition to a fusogenic trimeric E arrangement. Here, we have presented an example of a virus-antibody complex, where cryoEM structure determination has been essential in determining the complete epitope and suggesting the mechanism by which viral fusion is inhibited.
Materials and Methods
Sequencing of CR4354 Fab and Generation of a 3D Homology Model. CR4354 was selected from a single-chain variable fragment (scFv) phage display library constructed from peripheral blood lymphocytes isolated from human patients who survived neuroinvasive WNV disease (33) . The reformatting of CR4354 scFv phage into full-length IgG1 was done as described previously (34) . Briefly, variable heavy (V H ) and light (V L ) genes were PCR amplified using primers to restore the human framework and add restriction sites. The resulting fragments were cloned into expression vectors containing constant antibody domains (C γ1 and C λ ). The complete coding regions were deposited at the GenBank database under accession nos. FB580561.1 (V H + C γ1 ) and FB580565.1 (V L + C λ ), respectively. A 3D homology model of the CR4354 variable domain (V L + V H ) was obtained by submitting the protein sequences of heavy and light chains (Table S2) Fab Fragment Production and Neutralization Assay. Human MAb CR4354 (subtype IgG1) was generated and purified as described elsewhere (21) . Fab fragments were purified from Fc fragments, and intact MAb by protein A and size exclusion chromatography after papain digestion of the antibody (Pierce Fab Preparation Kit; Thermo Fisher Scientific). The sample was concentrated using a Vivaspin 20 centrifugal concentrator (10-kDa molecular weight cutoff; Sartorius Stedim Biotech), and Fab fragmentation was confirmed by comparing reducing and nonreducing 4-12% NuPAGE gels stained with SimplyBlue SafeStain (Invitrogen Corp.).
The neutralization capacity of the Fab fragments was compared with that of intact MAb by a plaque reduction neutralization test (PRNT) as described previously (21) . Briefly, serially diluted MAb or Fab was mixed with 100 PFU of Fig. 2 . Binding pattern of CR4354 relative to the E glycoprotein on the surface of mature WNV. (A) Arrangement of the fitted E glycoproteins on the viral surface. DI, DII, and DIII of each E monomer are colored red, yellow, and blue, respectively. The fusion loop is shown in green and N-linked glycans on DI in magenta. The gray outlines highlight the three different E monomers (E mol-A, -B, and -C) of one ASU. The typical raft structure of three almost parallel E homodimers (Left) is formed by the three E monomers of one ASU with the E molecules of a twofold symmetry-related ASU (E mol-A′, -B′, and -C′; magenta outlines). Gray shadows indicate the footprints of the two independent CR4354 Fab binding sites, X1 and X2, per ASU. Pink shadows show the symmetry-related Fab binding sites (X1 Vogt and X2 Vogt) in the neighboring ASU. (B) Fit of three independent E molecules per ASU (E mol-A through -C) into the cryoEM density of the WNV-CR4354 complex. The twofold symmetry-related E molecules (E mol-A′ through -C′) are also shown. The positions of the icosahedral five-, three-, and twofold symmetry axes are marked with symbols (pentagons, triangles, and ovals, respectively). At the chosen contour level for the complex density (2.8σ), only the variable domain density of the Fab is visible. (C) Difference density (gray) between the WNV-Fab complex and WNV superpositioned onto the E protein raft, viewed down an icosahedral twofold axis. The difference map is contoured as the complex density in B. CR4354 Fab binds to two independent sites per ASU, X1 and X2. Fab binding to X1 cross-links two E monomers of the ASU, whereas binding to X2 locks the arrangement of E in rafts by cross-linking symmetry-related E molecules. (D) Side view of the fitted Fab CR4354 at positions X1 and X2. The variable domains of the Fabs are shown in cyan, the constant domains in green. The difference map is contoured at 1.4σ of the complex density. Molecular graphics images were produced using Chimera (45).
WNV for 1 h at 37°C. The mixture was added to a monolayer of BHK21-15 cells for 1 h at 37°C, then overlaid with 1% low-melt agarose. After 3 d, the monolayer was fixed with 10% formaldehyde and stained with a crystal violet solution for visualization of plaques. Plaques were counted and then normalized to the average of six control wells in which WNV was mixed with diluent lacking MAb or Fab fragments.
Fab Fragment Crystallization and X-Ray Structure Determination. Purified Fab fragments were crystallized using the hanging-drop vapor-diffusion technique. An aliquot (1 μL) of sample in 20 mM Hepes, pH 7.4, 150 mM NaCl, 0.01% NaN 3 (protein concentration 16 mg/mL) was mixed with an equal volume of reservoir solution [20% PEG 8,000 in 10 mM Mes buffer (pH 6.0) containing 200 mM Ca (OAc) 2 ]. The droplet was equilibrated against 500 μL reservoir solution at 20°C. Crystals were soaked for 1 min in the presence of 35% glycerol as a cryoprotectant before flash-freezing for X-ray data collection.
X-ray diffraction data were collected from a single frozen crystal at beamline GM/CA-CAT 23-ID-D (Advanced Photon Source, Argonne National Laboratory) using a wavelength of λ = 1.0332 Å. A total of 180 images were recorded on a Rayonix MarMosaic 300 CCD detector using a 1-s exposure time and a 1°o scillation angle per frame. The crystal to detector distance was set to 200 mm. The diffraction data to about 1.4 Å resolution with a mosaicity of 0.16°were integrated and scaled using the HKL2000 data processing package (35) (Table  S1 ). The orthorhombic space group P2 1 2 1 2 1 was assigned on the basis of symmetry and systematic absences. Assuming one Fab molecule per asymmetric unit, the Matthews coefficient V M was 2.3 Å 3 /Da, corresponding to a solvent content of 47%. Initial phases for the data were obtained by molecular replacement using structure factors derived from the 3D homology model of the variable domain of CR4354 Fab (V L + V H ) and from the coordinates of the constant domain (C L + C H1 ) of a human IgG1 Fab (PDB accession no. 3KYK). The variable and constant domains were used as independent search models, because the hinge angle between these domains is flexible. One copy of each domain was subjected to a rotational and translational search within the asymmetric unit using Phaser of the CCP4 program suite (36) . A complete Fab molecule was extracted from the molecular replacement solution.
The atomic positions were refined using the program phenix.refine of the PHENIX software suite (37, 38 ) (coordinate refinement: rigid body and individual, simulated annealing, gradient-driven minimization; atomic displacement parameter refinement: group, individual, TLS; occupancy refinement; automated water picking and refinement) alternated with model rebuilding into weighted 2Fo-Fc and Fo-Fc electron density maps using the interactive molecular graphics program Coot (39) (Fig. S2 and Table S1 ). Residue identities were corrected relative to the sequencing data, when justified by the density (Table S2 ). The N-terminal glutamine of chain H has cyclized to a five-membered ring structure, pyrrolidone carboxylic acid or pyroglutamic acid. An insertion of four amino acids (Ala-Ala-Ala-Gly) was detected in the elbow region of chain L, downstream of residue Gly L111. A total of 821 water molecules were tentatively placed into the density. The final R-factors for the model were 16.7% (R work ) and 18.6% (R free ). The bond lengths and angles deviated from idealized values by 0.006 Å and 1.128°, respectively. A total of 96.1% of the nonglycine, nonproline residues were within preferred regions, and 3.9% within allowed regions, of the Ramachandran plot. The elbow angle of the Fab crystal structure was determined to be 130.2°with the program RBOW (26) (http://proteinmodel.org/AS2TS/ RBOW/index.html). S3 ). The two independent E molecules that contribute to the CR4354 epitope are shown as ribbon diagrams and highlighted by background shading (E mol-A, green; -B, purple). The individual E domains are color-coded as follows: DI, red; DII, yellow; DIII, blue. The atoms of the E residues that constitute the CR4354 epitope are depicted as balls. Residue Lys136, previously identified as part of the epitope by neutralization escape mutant analysis (21) , is shown in magenta. For details, see Table S4 . Numbers in parentheses refer to consensus residues of the independent Fab binding sites only. Values are shown for the whole epitope and each of the epitope building blocks stemming from two different E molecules. 
Thr366, Ala367, Asn368, Ala369, Lys370
DIII WNV E residues from two neighboring E molecules that form the epitope of CR4354 Fab were selected based on an interatomic distance of ≤4.0 Å and are listed for both independent Fab binding sites, X1 and X2 a (for detailed analysis, see Table S4 ). WNV was propagated and purified as described previously (31) . Purified WNV particles were incubated with CR4354 Fab fragments at 37°C for 30 min, followed by a 2-h incubation at room temperature, using a ratio of about four Fab fragments per E molecule. In parallel, the pH of an aliquot of the complex was lowered to pH 6 (low pH) using Mes-HAc buffer (0.1 M, pH 4.5) and incubated at room temperature for 5-15 min before flash-freezing.
Micrographs of the frozen-hydrated sample were recorded on Kodak SO-163 films with a Philips CM300 FEG transmission electron microscope (Philips).
Images were taken at a calibrated magnification of 47,244× and at a total electron dose of ∼22 e − /Å 2 .
The cryoEM micrographs were digitized on a Nikon 9000 scanner using a 6.35-μm step size. Subsequently, sets of four pixels were averaged, resulting in a sampling of the specimen images at 2.69 Å intervals. Some 6,258 particles from 69 micrographs were boxed and processed using the program RobEM (40) . The defocus levels were determined by fitting the theoretical microscope contrast transfer functions (CTF) to the incoherent average of the Fourier transforms of all particle images from each micrograph and ranged from 1.45 to 3.53 μm. A rough 3D model of the complex was generated with the Starticos program of the EMAN software package (41) by identifying particles with the best fivefold, threefold, or twofold rotational symmetry from 88 particles selected from a single CCD image. The refined 3D model calculated from the class averages for each of these three views was used to initiate the reconstruction from all available film data. The orientations and origins of all of the particles were determined by comparing the CTF-corrected particle images against reference projections of the current 3D model using the AUTO3DEM automated image reconstruction system (42) . The procedure was repeated at progressively higher spatial frequencies until no further increase in the correlation coefficients was obtained. To improve the reliability of the orientation refinement, the images were band-pass filtered to reduce lowand high-frequency noise. A total of 5,006 particles were selected based on correlation between the observed image and the density projection of the current model oriented in the presumed orientation, to calculate the final 3D electron density map. The resolution of the resulting map was estimated by comparing structure factors of the virus shell computed from two independent half-data sets. The Fourier shell correlation coefficient was 0.5 at a resolution of 13.7 Å. For the final 3D reconstruction, data were included to a resolution of 13 Å, where the correlation between the two independent data sets was ∼0.2.
A difference map between the WNV-Fab complex and WNV alone was calculated after scaling of the densities to optimize the radial dimensions and average density levels. The magnification of the cryoEM map was standardized to a map calculated from dengue virus model coordinates (PDB accession no. 1THD), resulting in a final pixel separation of 2.72 Å.
Fitting of Atomic Coordinates into the CryoEM Density. Initial manual placement of the E protein structure of mature WNV (27) into the WNV-CR4354 complex density suggested that the general arrangement of the E monomers in the complex was essentially the same as in mature flavivirions, indicating that Fab binding did not significantly change the conformation of the E proteins.
The atomic coordinates of E and CR4354 Fab were fitted into the cryoEM density using the program EMfit (43) (Table S3 and Fig. 2) . The X-ray coordinates of the WNV E ectodomain (PDB accession no. 2HG0) were fitted into the cryoEM density of the complex constrained by icosahedral symmetry. Each of the three WNV E monomers (A, B, and C) per ASU was divided into two rigid bodies, DI + III (residues 1-51, 133-195, and 283-400) and DII (residues other than DI + III) for independent fitting. The density corresponding to the best fit of one molecule was set to zero before fitting the next molecule, to avoid steric clashes between sequentially fitted fragments. DII was fitted using a maximum distance restraint of 10 Å between the termini of strands connecting DII to DI.
The CR4354 Fab variable domain (V L + V H ; residues L1-L115 and H1-H123) and constant domain (C L + C H1 ; residues L116-L220 and H124-H230) were independently fitted into the (complex-WNV) difference density map at both independent Fab positions (X1 and X2) within an ASU (Fig. 2) . First, the CR4354 variable domain was fitted using main and side chain atoms (atom radius 2.7 Å). The Fab structure was completed by subsequent fitting of the Cα atoms (atom radius 6.0 Å) of the constant domain, while restraining the distance between the C and N termini of the variable and constant portion of light and heavy chains, respectively, to be less than 20 or 10 Å. The elbow angle of the resultant Fab structure was determined using the program RBOW (26) .
The contact region between the E protein shell and each Fab molecule was analyzed using the programs AREAIMOL (44) and CONTACT of the CCP4 program suite (36) ( Table 1 and Table S4 ). Van der Waals contacts (VDW) were selected based on an interatomic distance ≤4.0 Å. Putative hydrogen bonds were predicted based on an interatomic distance ≤3.5 Å and default geometry defined in the program CONTACT.
Structure Accession Numbers. The atomic coordinates and structure factors of CR4354 Fab have been deposited in the Protein Data Bank under PDB accession no. 3N9G. The cryoEM density map of the WNV-Fab complex was deposited in the Electron Microscopy Data Bank under accession no. EMD-5190. The fitted coordinates of the contents of one asymmetric unit (three E molecules and two Fab molecules) were deposited under PDB accession no. 3IYW.
